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Abstract

2CIH, Hydro Engineering Center Service Hydropeaking due to hydropower production can have negative impacts on aquatic
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fauna. One of the mechanisms for causing impacts on fish and aquatic macroinver-
tebrates is linked to the rapid dewatering of habitats, which can result in stranding
or trapping. The magnitude of these impacts depends both on the characteristics of
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the flow variations and of the river morphology, as well as biological parameters
(species, behavior, etc). When discharge is rapidly reduced, the risk of impacts on
fishes (and notably the risk of fish stranding in dewatered zones along the river-
bank) is frequently assessed by calculations of vertical ramping velocity among
other methods. However, to assess fish stranding risks, the lateral ramping velocity
calculated as a horizontal ramping rate (HRR) appears to be a more relevant indica-
tor as it directly measures shoreline drawdown rates. HRR has the advantage of
integrating river morphology, but it remains challenging to calculate HRRs in com-
plex situations such as braided rivers. Using hydraulic simulations of the Durance, a
gravel bed braided river, we have developed an innovative approach for HRR calcu-
lation. Considering two simulated flows, the algorithms for the calculations require
partitioning the finite elements into wet and drying meshes. To recommend rates
of lowering discharges during hydropeaking events, further studies are required to
evaluate more precisely HRR limits for fish stranding regarding biotic and abiotic
parameters: species, sizes, nychthemeral cycles, temperature, substrate, and so
forth.

KEYWORDS
ecohydraulics, environmental flows, horizontal ramping rate, hydropeaking, mitigation

1 | INTRODUCTION

Hydropower has consequences on rivers that are generally

broader than habitat fragmentation alone. Hydroelectricity production

Continental aquatic ecosystems are heavily affected by continually
increasing human needs, as they provide a large variety of ecosystem
services on which human societies rely. For instance, rivers provide
water for drinking, industry, agriculture, and power generation, as well
as being critical to agriculture, flood control, and cultural uses
(e.g., Anderson et al., 2019). To respond to these needs, European riv-
ers have been heavily modified, notably by dams, resulting in a very
high level of river fragmentation and a reduction of free-flowing sec-
tions (e.g., MaaR, Schittrumpf, & Lehmkuhl, 2021).

is often associated with alterations in discharge (both water and sedi-
ments), often by creating lentic areas upstream of a dam and
regulated-flow sections downstream. When a bypassed reach is cre-
ated, flows in the bypassed reach are diverted for hydroelectric pro-
duction further downstream, and the diverted water is released
further downstream, as a function of energy production needs. The
overall management of flows in the entire river is now recognized as
being key for maintaining freshwater ecosystem health and human
well-being (The Brisbane Declaration, 2007).
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The ecological consequences of hydropeaking, discontinuous
release of turbined water due to peaks of energy demand (Greimel
et al., 2018), have been well documented and their management falls
within an environmental flows framework (Lamouroux et al., 2018).
Although each river and hydroelectric plant is unique in its function-
ing, hydropeaking can result in impacts on both the morphological
and the ecological functioning of rivers (e.g., Greimel et al., 2018).
Indeed, different case studies have illustrated impacts on riparian
and aquatic vegetation (e.g., Bejarano, Jansson, & Nilsson, 2017),
macroinverterbrates (e.g., Bruno, Siviglia, Carolli, & Maiolini, 2013;
Patterson & Smokorowski, 2011; Salmaso, Espa, Crosa, &
Quadroni, 2021) (increased drift, reduced abundance, potential for
stranding), and also on fishes. One of the major impacts of hydro-
peaking is fish stranding or trapping when there is a rapid decrease
in flow (e.g., Irvine, Thorley, Westcott, Schmidt, & DeRosa, 2015),
because fish cannot detect these water level fluctuations as a result
of their absence of proprioception but above all because they can-
not respond quickly enough to the regressing water edge. This is
particularly true for young fish (Irvine et al., 2015). Fish trapping
occurs when fishes become trapped in depressions in the riverbed
or in secondary channels that become partially or totally discon-
nected when the water level decreases, thereby creating isolated
pools. Fish stranding occurs on riverbanks that are inundated during
peaking flows, but which are exposed during lower flows. Fish that
cannot detect or respond to the rapid water level changes along the
riverbank can become stranded there (e.g., Greimel et al., 2018).
However, fish trapping can occur independent of the rapidity of the
water level changes (water line recession difficult or impossible to
detect in a riverbed depression). In the case of trapping, the main
factor influencing its occurrence is the connection/disconnection
related to the amplitude between base and peak flows and the spe-
cific river morphology.

Fish stranding is highly site- and species-dependent, as well as
being related to the hydropeak hydrogram and reach morphology.
Numerous factors (e.g., Greimel et al., 2018; Halleraker et al., 2003;
Irvine et al., 2015) can influence the stranding risk such as tempera-
ture, season; circadian cycle; ramping rates; and the fish size, age, and
corresponding behavioural changes (e.g., Hayes et al. 2019). For
example, regarding the influence of temperature on stranding risk, fish
during cold temperatures fish stay closer to the substrate and their
mobility is reduced (lower swimming capacity) during cold tempera-
tures, which increases their stranding risk compared to periods with
warmer temperatures.

The role and importance of some of these factors on stranding
risk are likely to be species-specific. For example, stranding of cyprinid
fishes seems to be similarly influenced by temperature and ramping
rates as salmonids are (Bradford, 1997; Halleraker et al., 2003; Harby,
Forseth, Ugedal, Bakken, & Sauterleute, 2016; OFEV, 2016; Saltveit,
Halleraker, Arnekleiv, & Harby, 2001), indicating that these trends
seem robust among different species. Regarding the influence of the
nychthemeral cycle, a difference has been shown between the
responses of trout and char (Alanira & Brannas, 1997;
Bjornsson, 2001), so it is likely hydropeaking has a different effect on

these species and their trophic resources based on their day or night
activities.

The Vertical Ramping Rate (VRR) was developed to specifically
address the issue of fish stranding during hydropeaking, and to pro-
vide a tool for water managers and hydroelectric producers to under-
stand and mitigate these effects (e.g., Hauer, Holzapfel, Leitner, &
Graf, 2017). VRR characterizes the vertical ramping velocity, the
change in water depth over time between base and peak flows. This
concept was first developed for mountainous V-shaped rivers with
high slopes and high flows. For such rivers, the vertical ramping veloc-
ity is a good surrogate for assessing fish stranding risk, as the river
edges are relatively steep. It has been successfully used to modify
hydropower operations to reduce hydropeaking impacts on salmonids
(Moreira et al., 2019).

Nonetheless, in large rivers with wide active channels such as
braided rivers, a small fluctuation of the vertical water level results
in a large increase or decrease in the wetted width, and thus the
habitat available for small fish (either small species and/or young
fish). For such rivers, the change in water surface levels may not
reflect the actual stranding risk of young fish (but see Schmutz
et al., 2013 which defined VRR thresholds for gravel banks with a
lateral gradient of 5%). On the other hand, the horizontal water level
variation over time (on the riverbank), the horizontal ramping rate
(HRR) or lateral ramping velocity, would better reflect the stranding
risk by integrating the effect of channel morphology on water levels.
According to several authors, HRR is more relevant because it incor-
porates the shape of the wetted bed and reflects how far the fish
must travel to avoid stranding (Hauer et al., 2017; Schneider &
Kopecki, 2016; Tuhtan, Noack, & Wieprecht, 2012). Even though no
threshold values currently exist in the ecohydraulics literature to link
HRR to stranding risk (Moreira et al., 2019), the tools necessary to
calculate HRR and therefore develop such thresholds have also been
lacking. Hydraulic two-dimensional models provide local estimations
of water depths, velocities at different water discharge, and thus
appear to be useful candidate tools from which HRR could be com-
puted, thus enabling it to be tested in future studies of
stranding risk.

The main objective of this paper is to present the concept of HRR
and the different necessary steps to compute it from a two-
dimensional finite element model such as Telemac 2D
(Hervouet, 2007). To briefly illustrate the possible outputs of the HRR
approach, we used an example taken from a reach of the Durance
River (Southeast of France) which is a braided river impacted in its
most downstream reach by water level variations that resemble

hydropeaking.

2 | METHODS

To evaluate the stranding risk of juvenile fish during hydropeaking
events, the HRR indicator, appears to be more universally applicable
than the VRR indicator as the latter accounts for riverbed morphology

(Figure 1).
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Flow reduction Q1 > Q2 in At

HRR === : Horizontal Ramping Rate
VRR ﬂ : Vertical Ramping Rate

FIGURE 1 lllustration of the
difference between the Vertical Ramping
Rate (VRR) and Horizontal Ramping Rate
(HRR). For the same VRR, the HRR and
consequently, the estimated fish stranding
risk, differs as a function of river
morphology. For a flow reduction of a pair
of discharges (Q1, Q2), At is the time

interval, Az is the variation of the water
level, and Ab is the local lateral
displacement of the shoreline in the
horizontal plane

B
Az_ _[m.h*?
VRR(Q1, Q2, At) = 2z, [m-h]
At
4b Az m.ht
HRR (Ql, QZ, At) = = surf [ ]
At At . Slope

Here we propose a method to calculate the average HRR value in
the case of a flow reduction from Q1 to Q2 during a time interval At
from 2D hydraulic simulations. This method can be used even in the
complex case of a braided river. It also produces a map of the local
HRR values in the dewatered area, making it possible to identify the
highest-risk areas to be evaluated in the field.

The case presented here is the use of a 2D finite element hydrau-
lic model with a fixed triangular mesh. The notations used in the equa-
tions are defined in the list of symbols at the end of the paper.

In the case of a trapezoidal channel with Az, the variation of
the water surface level, and a mean horizontal displacement Ab of the

shoreline, the HRR equation is:

Ab Az
HRR(Q1, Q2, At) :E:Wym (1)

To calculate correctly, it is necessary to consider the slope of the river
bank. In the case of a hydraulic simulation, the maximum slope of the
bottom smaxb of a dewatered cell should be used.

Appendix 1 explains how this calculation should be performed. It
is the maximum slope that is used by a drop of water that runs down
a triangular facet.

Note that in the case of Equation (1), the HRR is calculated as the
same for the left bank as well as for the right bank. Note also that
Equation (3) below, will provide the correct value of the HRR in the case
of our trapezoidal channel, and this regardless of the mesh in the bank
that will have been dewatered, because whatever their orientation they
will all have the same maximum slope which is that of the bank.

In more complex cases, two types of HRR are to be considered:
spatial and temporal HRR. Here it is a question of considering variable
speeds of displacement of different shorelines during a given flow
reduction period. River island contours and right and left banks of var-

ious channels can present several types of slopes that may have

different HRR. The temporal HRR is calculated globally (across the
entire study reach) by dividing the average variation of the surface
level elevation by the average maximum slope of the wetted surface.
The spatial HRR is the average of the local HRRs weighted by their
respective surface areas. Appendix 2 explains in more detail the differ-
ence between spatial and temporal HRR using a simplified case study.
In Equations (2) and (4) we consider here the part of the hydraulic
mesh that has been flooded during the decrease in flow from Q1 to Q2
(Q"1 in Figure 2). The index i refers to one of the cells that compose it.
Equation (2) uses in the denominator the average maximum slope
of the bottom of the emerged part. This is calculated by averaging the
maximum slopes of the bottom of the emerged cells weighted by their
areas. Equation (2) uses the average variation of the water surface in
the numerator; Figure 2 explains how this calculation is done.
Equation (4) calculates the spatial HRR by averaging the local
HRR; (Equation (3)) of the emerged cells weighted by their areas. The
term Az, refers to the local variation in water level in the vicinity of
the hydraulic cell of index i. This difference in water surface elevation
must be that of the part of the hydraulic mesh that will remain in
water during the flow reduction and that is locally close to the dewa-
tered cell of index i. We consider that the water surfaces of these
meshes that remain fully wetted are less prone to hydraulic aberra-

tions than the edge meshes.

AZsury‘ AZsurf EAi
HRReemp (QL, Q2, At) = _ AZeu 2
temp(Q1, Q2, AT) Ymatiall o At S [smaxb; - A)] (2)

DA
HRRI(Q1, Q2, At) — —Zsuti 3
QL Q2 A0 =3 smad; )
1

Ai-AZsurfj

o Z[HRR, ~A,‘] 7i Z [ smaxb; ]
HRR4q(Q1, Q2, At) = SA =t SA (4)
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FIGURE 2 lllustration of the
calculation of the average lateral
displacement of the shoreline in the
horizontal plane. For a flow reduction of a
pair of discharges (Q1 to Q2), the
extraction of the emerged part of the
hydraulic mesh during the flow reduction
corresponds to Q1”, with the average
variation of the water surface level being Step 1
Azg,Moy, and with smaxbMoy(Q1”) being
the average maximum slope of the river
bottom. The calculation of AbMoy
corresponds to the average lateral
displacement of the shoreline in the
horizontal plane

I,

Volume (Q1’) - Volume (Q2)

Q1’: part of Q1 that is just above Q2

Step 2

Q1”: “the rest” = impoundment from Q2 to Q1

Q1”=Cq; (@2 N Q2)

az, rrMoy

az, ,fMoy =

In reality, the calculation of the spatial HRR presents a numerical
problem. If we imagine a stretch of several kilometers of river, and a
dewatered cell with a perfectly horizontal bottom, the local value of
the HRR; is infinite and therefore this will also be the value of the spa-
tial HRR. Even if we do not encounter any flat-bottomed cells, small
portions of the dewatered bottom are close enough to horizontal to
contribute to the majority of the final value of the spatial HRR. If one
seeks to use this approach to construct metrics for environmental
impact assessments, care must be taken to avoid this error that exag-
gerates the HRR (tends toward infinite values). For example, this can
be done by using the median rather than the mean of the HRR;, or by
analyzing the distribution of the HRR; and recalculating an average
after eliminating the outliers.

From a mathematical perspective, the distribution of the propor-
tional area of the HRR; values is the most informative for understand-
ing fish stranding; however, it remains to be determined how this can
be interpreted biologically. Note that the mapping of HRR also allows
us to locate the areas with the highest risk of stranding, which can be
particularly useful to plan field observations, if the model still accu-
rately represents current river morphology conditions. Spatial statis-
tics such as those proposed by McGarigal and Marks (1995) can also
be used to identify and classify risk areas. Similarly, the representativ-
ity of study sites (of an entire river reach) can be determined a priori.

The temporal HRR, which can be calculated by sub-reach, appears
to be more easily used to calculate metrics and define indicators than
the spatial HRR. If a threshold value is eventually established that
should not be exceeded to minimize stranding impacts, the prevalence
of local values significantly higher than the established threshold can
be identified for study and/or mitigation. This remains to be evaluated
with field and/or experimental studies.

If a threshold value for limiting the stranding of juvenile fish
HRRg;sp is chosen, since the average distance traveled by the shoreline

in the horizontal plane is known by Equation (5), the recommended

Area (Q2)

AbMoy = ————
smaxbMoy (Q1”)

time interval Atgqg, to proceed from Q1 to Q2 will be defined by
Equation (6).

A Sul
Ab(Q1, Q2) :% s
YA
Atn(Q1, Q2) = %’232) "

The reduction gradient noted Grad(Q1, Q2, HRRsie) [m®.s~Lh™1] is
calculated algebraically as follows in Equation (7). It is used in particu-
lar to indicate the variation in hourly discharge that must be respected
in the flow range [Q1, Q2] to satisfy the HRRs, management
constraint.

According to the general hydraulic geometry power laws, vari-
ations in the width of the wetted bed can be related to variations
in discharge (Leopold & Maddock Jr, 1953). When the flow
increases, the value of the shoreline displacement gradient GradAb
(Q1, Q2) [m/m3s71] decreases (Equation 8), inversely, they
increase the reduction gradient and the operational constraint is
thus reduced.

1-Q2
Grad(Q1, Q2, HRRgisn ) :m )
GradAb(Q1, Q2) :% (8)

In practice, 2D hydraulic models are not designed for this kind of eco-

hydraulic analysis, and two difficulties must also be overcome.

e From the original mesh, the dry cells as well as the dry parts of the
“semi-wet” cells must be cut out (Figure 3).
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(2b3,0) ( bottom elevation,local depth)

(zb1,0)

(zb2+h2,0)

Linear interpolation

(zb2,h2)

(zb1,0)

Linear interpolation

(zb3,h3)

(zb2,h2)

A y

4
L{
X (zb2+h2,0)

FIGURE 3 lllustration of two
different cases where a partly emergent
cell is partitioned into wet and dry cells,
using the definition of the free surface
water level obtained from the water
vertical depths at the nodes of the
triangle: (zb; bottom elevations, h; heights
of water)

(zb2+h2,0)

(zb3+h3,0)

FIGURE 4 lllustration of an example
of aberrations in the results of the
hydraulic simulation regarding water
levels (cf. circled zone) based on the
visualization of a 2D hydraulic simulation
with ParaView (vertical exaggeration
X10); the darkened area is the water
surface

e The hydraulic aberrations at the edge of the wetted area where

wet cells “rise” on the banks must also be cut out (Figure 4).

Finally, it seems logical to perform calculations only in the part
of the model mesh in which fish can realistically be found. If the
minimum depth used by fish (according to the species and age/size
of interest) is known, it is then possible to eliminate zones that are
too shallow by cutting the meshes of Q1 and Q2 before extracting
the dewatered zone. To set this minimum value, an analysis consid-
ering not only the biology, but also the quality of the hydraulic

simulations is recommended, as the areas set aside may represent
a substantial portion of total area (in some cases more than 10% of
the surface area has a depth less than 1 cm; Le Coarer unpublished
data). The minimum threshold thus has to be carefully defined and
justified.

Furthermore, if the time and space intervals between the hydrau-
lic simulations considered are not too large, and if the range of depths
and velocities used by the target fish are known, it may be preferable
then to only use the hydraulic part of Q1 containing this hydraulic
class to determine the HRR;.
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The workflow of HRR calculation includes seven steps.

1. Import of 2D hydraulic simulation results in a permanent or transi-
tional regime. If necessary, transformation of finite volume mesh
into triangular finite element mesh. The water surface elevation
and the water depth should be given at the nodes defining triangu-
lar mesh. This is necessary to be able to split meshes into dry and
wet parts by interpolation, and to calculate the water surface slope
of each mesh to identify hydraulic aberrations.

2. Remove hydraulic aberrations of each simulation. An efficient way
to perform this automatically is to eliminate the meshes at the edge
of the wetted bed whose water surface slopes are beyond the stan-
dard deviation.

3. Cropping the dry and semi-wet cells, to keep only the wetted part
of the simulations.

4. Extraction of dewatered areas by discharge pair of hydraulic simu-
lation (Q1, Q2), the time intervals for each flow reduction must be
known. For each discharge pair, the data are smaxb;, the maximum
slope of the bottom, Az, the local variation of the water level in
the vicinity of the cell during the reduction and the HRR;. The data
at the nodes in addition to their coordinates (x,y,zb) also include
the depths and depth-averaged velocities of the hydraulic simula-
tion “Q1”. These hydraulic values must be linearly interpolated
when new nodes are created during the extraction.

5. Define hydraulic classes, crossing mean velocity and depth
(e.g., such as hydrosignatures [Le Coarer, 2007]), then cut out parts
of cells on the edge of the wetted bed in parts that are too shallow
for the fish species/stages being considered. The depth limit for
cyprinid fry in France is at least 1 cm (G Carrel, pers. comm).

6. Calculation of: Azg,s (Figure 2) the mean variation of the water
level, smaxb the average maximum slope of the river bottom, Ab
the average distance traveled by the shorelines and finally the tem-
poral HRR, per discharge pair. Using Equation 5 allows to recom-
mend flow reduction duration time to prevent the risk of stranding
(if an HRR threshold is known).

7. For each discharge pair, as hydraulic data has been registered at
step-4, a habitat analysis available to juveniles prior to dewatering

can be conducted.

To calculate average HRRs for the complex topology of a
braided river, we propose to use 2D hydraulic modeling transformed
if necessary in finite elements with a fixed triangular mesh. The HRR
increases when the flow decreases linearly, so it must be calculated
either between two stabilized flows or preferably between two-time
steps in a transient regime (Q1, Q2). To calculate the “temporal”
average HRR in a complex situation with islands and asymmetrical
banks with complex shapes, we must divide the average distance
traveled by the shoreline by the time interval elapsed during the
flow decrease. We determine this average distance by dividing the
average decrease in water surface level by the average slope of the
bottom of the dewatered area.

HRR calculations, as outlined above, are based on 2-D hydraulic

models. As of yet, no studies have linked measured or theoretical

HRR values to specific fish stranding risk for any fish species in any
actual rivers (Moreira et al., 2019). The ability to calculate this indica-
tor will allow for eco- hydraulicians to test its utility as an indicator of
fish stranding risk.

It is possible for the ecohydraulics community to test the HRR
approach, as explained above, by using a specific HRR module added
to the HABBY software (https://habby.wiki.inrae.fr/en:start) which
is a free and open-source program. HABBY was developed to esti-
mate ecological flows by hydraulic habitat suitability calculations,
from external hydrodynamic model outputs. The Python code of the
algorithms developed is available on GitHub (https://github.com/
Yannlrstea/habby) and a quick tutorial for HRR calculations is avail-
able on HABBY webpage. The only necessary data is the outputs of
hydraulic models (Telemac 2D in the tutorial). The HRR module of
the HABBY software should be used either to compute automati-
cally HRR because no other solutions are currently available or
either as reference for everyone who would want to develop their
own solutions (to compare the outputs). HRR computation is
completely independent of habitat model computations.

In HABBY, the indices of the original mesh common to all simu-
lations are kept as information for every cell. And this is true what-
ever the operations of cutting or partitioning the cells. Moreover,
for a given mesh, whether it is the original mesh or the mesh of a
hydraulic unit, we can build a cell connectivity table. That is, the
information for each cell in the mesh, of the indices of at most three
cells that share common segments/node pairs with it. For the calcu-
lation of Azsurf; or for the extraction of dewatered cells, these are
the elements that allow the efficiency of the algorithms for finding
neighboring cells in space and time.

Defining minimum depth is a necessary step to exclude cells or
parts of cells that are biologically incoherent (because even the smal-
lest fish would not be present in these areas). Once this minimum
depth is decided (based on target species and life stages at risk and
their behavior), it is necessary to split cells containing depths that are
shallower than this threshold. To search for the node position (with
depth equal to the threshold) to determine the new geometries, it is
recommended to perform linear interpolation, which can most easily
be done with a software solution (such as HydroSignature) but spe-
cific algorithms or code could also be developed and used.

To illustrate the computation and the outputs of the HRR calcula-
tions, we used a stream reach of the lower part of the river Durance
which is a braided and highly regulated river from the Southeast of
France, flowing from the Alps to the Rhone River. The water of this
river is used for hydroelectricity production and water supply. The
16 km stream reach from this study encompassed several successions
of hydrological units (from pool to riffles).

The methodology presented here is the result of research work
carried out within the framework of a technical group charged with
studying means to mitigate hydropeaking flows in a river reach of the
lower Durance River in France (Le Coarer, Beguin, Reynaud, & Von
Gunten, 2016). The lower part of the Durance, where the study site is
located, is a large braided gravel-bed river, whose fish community

consists mainly of rheophilic cyprinids.

25UBD1 7 SUOLUWIOD) BAIBIO 3|0 jdde a4y Aq PoULBAOB 2 SDILIE YO (95N JO S9N 10} AIRIG1 BUIIUO AB]1M U0 (SUOTIPUOO-PLB-SLLLBILIC" A3 1 AJRAq 1 PULUO//-SNY) SUOIPUOD PLE'SWLR | 3L} 39S [£202/80/2] U0 Akeiqi18uliuo A1 ‘osdi - 3eiul AQ 28017@14/200T OT/10p/LIcD" A8 |1 Aic)1jBu|uo//'Scy LWoiJ popeojumMoq ‘€ ‘€207 ‘L9VTSEST


https://habby.wiki.inrae.fr/en:start
https://github.com/YannIrstea/habby
https://github.com/YannIrstea/habby

“ | WILEY

LE COARER ET AL.

3 | RESULTS

Table 1 presents an extract of this study for a 16 km linear section,
nine discharges modeled with Telemac 2D. These results are pre-
sented for an arbitrary HRRys, of 1 m/h (used as a theoretical cut-off
value that is easy to calculate but that has no basis in the scientific lit-
erature). Assuming this arbitrary threshold, the time necessary to go
from peak flow (259 m3.s7%) to the minimum baseflow (9.2 m3.s™%)
was calculated to be more than 22 h.

Note in this example with a constant arbitrary HHR of 1 m.h™!
during the decreasing flow event, the VRR could vary from 6.0 to
6.7 cm.h~1, which corresponds to a variation of 11% (Table 1) over
the 16 km river reach. To compare the spatial autocorrelation of VRR
and HRR we computed the Moran's Index (I) for both variables and
for each discharge pair. To do so, we defined adjacency matrices
based on the nearest neighbors (surrounding cells). For computation
reasons we only consider cells with HRR lower or equal to 10. What-
ever the discharge pair, the Moran's Index was always greater for VRR
than for HRR (Table 1), suggesting that two close cells tend to have
more similar VRR values than HRR values. This pattern is also visible
on Figure 5, with contiguous cells displaying close colors with the
VRR, while the same cells could have different HRR values (different
colors). At a larger spatial extent, VRR seems to vary mainly with the
change of morphological units, HRR can vary much more locally
depending of the complexity of the topography (Figure 5).

4 | DISCUSSION

Rapid decreases in discharge during hydropeaking events (from peak
to base flow) are known to present risks of fish mortality from

stranding and/or trapping. While not able to address all of the poten-
tial impacts that hydropeaking can have on fishes (via habitat modifi-
cation, sediment mobility, thermal effects and trapping, among
others), the approach of calculating HRRs appears to be pertinent for
assessing juvenile fish stranding risk and warrants being tested in the
field.

Many existing indicators, based on water height variation or sur-
face area variation are proxies for the mechanism that drives strand-
ing, whereas HRR is a direct descriptor of the stranding mechanism,
as it calculates the velocity of the water receding from the shoreline.
If this velocity is too high (thresholds to be determined), fish may not
have sufficient time to find refuge toward the center of the channel
and therefore it is more likely to become stranded in the dewatered
habitat.

The HRR module of the HABBY software would enable a rapid
first assessment of the HRR concept for the ecohydraulic community
but also to conduct a spatial evaluation of stranding risk along the
river reach map by mapping the local HRR versus time. This module
should also be used as a reference for HRR computation to all who
would compute HRR from the formulas presented in this manuscript.
The HRR module accepts several 2D hydrodynamic models as inputs
and further compatible models will be available in the future. Addi-
tionally, work is underway to improve the transition from finite vol-
umes to finite elements.

Depending on the hydrodynamic model outputs (e.g., its resolu-
tion), before computing HRR, it is necessary to thoughtfully define
minimum water depths which determine the wet/dry transition (1 cm
in this example). If cells or part of cells are shallower than this thresh-
old, they must be split to be removed from HRR computation. This
step is essential (as is the ecological justification of the threshold cho-
sen) because it substantially influences the results.

Results of temporal Horizontal Ramping Rate (HRR) and Vertical Ramping Rate (VRR) calculations for a 16 km reach of the Durance

River for eight discharge pairs (Q1, Q2), using an arbitrary HRR threshold value for increased risk of stranding of fish: HRRy;s, of 1 m.h~!

TABLE 1

Q1 [ms™Y 259 175 150
Q2 [m3sY 175 150 110
AQ [m3s] 84 25 40
smaxbMoy [%] 6.3 6.0 6.5
AZgrs [m] 0.29 0.10 0.19
GradAzg,s [m/m3.s™1] 04 04 0.5
Ab [m] 47 1.7 2.9
GradAb [cm/ m3s™?] 5.5 6.9 7.3
At [h] 47 1.7 2.9
VRR [cm.h~Y] 6.3 6.0 6.5
GradHRRggh [m°.s~ 1 h™Y] 18.0 14.5 13.7

I HRR 0.497 0.518 0.555
I VRR 0.722 0.731 0.727

110 76 60 48.4 25.5
76 60 48.4 255 9.2
34 16 12 23 16
6.2 6.7 6.6 6.5 6.0
0.20 0.11 0.09 0.21 0.22
0.6 0.7 0.8 0.9 1.4
3.2 1.6 13 3.2 3.7
9.5 9.8 11.5 14.2 22.5
3.2 1.6 1.3 3.2 3.7
6.2 6.7 6.6 6.5 6.0
10.5 10.2 8.7 71 4.5
0.542 0.525 0.553 0.544 0.515
0.722 0.75 0.753 0.738 0.733

Note: The other variables mentioned are: smaxbMoy, the average maximum slope of the dewatered river bottom; Az, the variation of the water level;
and GradAzg,, its gradient per flow reduction; Ab, the average lateral displacement of the shoreline in the horizontal plane and GradAb its gradient per
flow reduction; At, the time interval; GradHRRg;s, the gradient of flow reduction per time interval; | HRR and | VRR, correspond to the Moran's index

(statistic of spatial autocorrelation).
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FIGURE 5 Vertical Ramping
Rate (VRR) and Horizontal Ramping
Rate (HRR) maps for a flow variation
going from 35 t0 9.2 m3s~tin

400 min [Color figure can be viewed

at wileyonlinelibrary.com]
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In addition, substrate is not considered in the modeling approach
presented here, although it most certainly plays an important role in
the stranding mechanism and in inter-peak survival of stranded fish.
Theoretically, it would be possible to calculate a velocity of displace-
ment of the shoreline on the bottom of the riverbed: Bottom Ramping
Rate (BRR). This could be more relevant for qualifying the stranding
risk of benthic species, but in this case, it is critical to account for sub-
strate characteristics. It would also be useful to model exchanges with
the alluvial water table, which can reduce the impact of stranding dur-
ing hydropeaking events by increasing survival between peaking
events.

No specific HRR thresholds for stranding have been presented in
the literature. However, such values can be extrapolated from certain
studies investigating VRR in fluvariums where sufficient geometry
information exists to convert the two values. Following this, from the
data provided by Halleraker et al. (2003) during his stranding experi-
ment in fluvarium, we can estimate the HRRgg, corresponding to a
VRRgish of 0.1 m.h™. Using the width of the fluvarium channel and the
dewatering time indicated in the experiment, we obtain a threshold
value of 1.6 m.h Y in HRRgisp, for juvenile trout in that particular con-
figuration. Given the generally lower swimming capacity of cyprinid
fry/juveniles as compared to salmonids, the HRRyg, threshold strand-
ing values for cyprinids could be lower than for salmonids. However,

research in different river types and for different species are

50 meters

VRR [m.h-1] HRR [m.h1]

050 100 150 200 250 3.00 350 4.00

necessary to determine whether threshold values can be established
and make ecological sense in a given context.

We believe that field and fluviarium research is needed to better
define the stranding risk of juvenile fish according to the HRR, tem-
perature, substrate characteristics, nychthemeral cycles, species and
size of individuals. Furthermore, research needs to be conducted to
compare the relative risks and survival associated with stranding and
trapping for different species and river morphological conditions. It is
this knowledge that will lead to the best use of the HRR indicator in
an overall risk-based approach aimed at reducing hydropeaking
impacts (e.g., Barillier, Béche, Malavoi, & Gouraud, 2021), in particular
on fishes, but that could also be applied to other taxonomic groups at
risk for stranding (e.g., aquatic insects, amphibians).

No single indicator of hydropeaking pressure can address all of
the potential effects of hydropeaking on fishes or other aquatic organ-
isms. The HRR, for example, is an indicator specific to stranding risk,
but it does not explicitly consider trapping risks (e.g., resulting from
connection-disconnection of secondary channels), or other hydro-
peaking impacts (on sediment mobility, habitat modification, water
quality, etc). However, it does have the potential to be applied to simi-
lar situations in other aquatic ecosystems. For example, the HRR
approach could be used to quantify potential ecological risks related
to water level variations in artificial reservoirs that can create similar

situations of dewatering as those encountered in hydropeaking rivers.
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This modeling approach only has value, however, when coupled with
local biological studies to evaluate risks.

Recent experiences have shown that it is generally difficult to
assess the impact of hydropeaking at a population level because of
interannual variations in natural hydrological conditions that have a
predominant influence on population structure (Judes et al., 2020).
Nevertheless, using the cumulative average distances traveled by the
shorelines during the life span of the juvenile fish could also be tested
as a metric to model fish densities as way to characterize hydropeak-
ing influences, particularly when fish stranding is thought to be one
the main sources of hydropeaking impacts on fish populations. This
type of approach ultimately aggregates several types of information
that influence stranding risk, such as river morphology, peaking ampli-
tude, and down-ramping rates. It is worth noting, however, that
depending on the local river morphology and species behavior, as well
as specific hydropeaking operations, fish trapping may be a more
important source of impacts than fish stranding. Site-specific recon-
naissance and qualification of risk sources should therefore precede
the implementation of any modeling approach.

This study presented a methodology to compute the HRR and
highlighted the essential points to respect to assess it consistently. By
making its computation relatively easy, future studies will be able to
compare HRR with other hydropeaking characterization indicators. By
doing this for different sites with different morphologies, and compar-
ing them to observed stranding, it should be possible to evaluate the
most appropriate indicator to use on a site-by-site basis, depending
on the target species and their ecology, local hydromorphological con-
ditions and the main source(s) of hydropeaking risk(s) (stranding, trap-

ping, substrate mobility, ...).

LIST OF SYMBOLS

Q1 River discharge before the flow reduction
Q1>Q2(m3s™)

Q2 River discharge after the flow reduction
Q2<Q1(mis™h

At Time interval during the flow reduction

expressed in hours (Hr)
HRR Horizontal ramping rate (m.hr™%)
HRRemp(Q1, Q2, At) Temporal HRR (m.hr™%)
HRR,»4(Q1, Q2, At) Spatial HRR (m.hr~%)

HRRgish HRR threshold value for increased risk of
stranding of fish (m.hr %)

Zourf Water surface level elevation (m)

Ab Average lateral displacement of the shore-

line in the horizontal plane (m)
Grad(Q1, Q2, HRRy;sp) Hourly discharge reduction gradient to
comply with the constraint HRRgg (m°.
s7LhY
GradAb(Q1, Q2) Gradient of the average lateral displace-
ment of the shoreline in the horizontal
plane per flow reduction (s.m?)
i Index of a hydraulic cell

A; Area of a hydraulic cell of index i (m?)

smaxb; Maximum slope of the bottom of the cell
of index i (m.m~?)
AZgyti Local variation of the water level in the

vicinity of the dewatered cell of index i (m)

Zpk Bottom elevation of the node of index
k (m)

hy Local water depth of the node of index
k (m)

| Moran's index (statistic of spatial

autocorrelation)
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APPENDIX 1: CALCULATION OF THE MAXIMUM SLOPE OF A
TRIANGLE IN DIMENSION 3

Let a triangle 123 in the coordinate system (Oxyz) calculate smax, its
maximum slope (Figure A1).

The triangle 123 lies in a vector plane 5[123] of equation:

(TZA\T3)-0M—0
u-x+v-y+w.z=0

With
(x2—x1) (x3—x1)

(y2-y1) (y3-y1)
(z22—-21) (z8-21)

=0

N < X

u=(y2—-y1l)*(z28—2z1)— (z22—2z1) x(y3—y1)
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P[123] 2

v=(x3—x1)*(z22—2z1)— (z8—21) x (x2—x1)

w=(x2—x1)*(y3—y1)— (y2—y1)*(x3—x1)

We define D the vector line of intersection of 5[123] with E[xy] the
horizontal plane.

It checks.

u-x+v-y+w.z=0andz=0

Bu-erv»y:O

—v
In the horizontal plane @ | u | is a direction vector of D’

And 0

u

—/ —
b | v | is perpendicular toitand definesaline D perpendicular to D
0

_
D' —v-x+u-y=0

Xxc
. - -
Let us define a vector ¢ | yc | € D'n P[123]
zc
£ fi h uyc__u d —(u-xct+vye) _ — (%Jrv)
If we fix yc =1 then xc ==*=_ and zc = —— "~ =——~
: __ lzf
And we obtain the slope smax by smax e
(2)
w
smax = >
() +1
VT2
smax = T

Note: w = 0 in the case of a triangle in a vertical plane.

FIGURE A1 Calculation of the
maximum slope of a triangle 12 3. P
[1,2,3] is the plane containing the triangle,
D is the vector line at the intersection of
the vectorial plane 3[123] ﬂi/th 5[xy]
being the horizontal plane, D the vector
line in the horizontal plane that is
perpendicular to B and -¢ bejpg the
vector at the intersection of D and
3[123], which define the maximum slope
of the triangle 12 3

APPENDIX 2: TWO TYPES OF HRR: TEMPORAL (HRRemp) AND
SPATIAL (HRR,,,)

The question: how to calculate the displacement velocity of the
shoreline of a river reach whose flow decreases from Q1 to Q2 in a
time interval At? We will call this displacement velocity Horizontal
Ramping Rate (HRR).

Consider the case where we only consider the two steady-state
simulations at Q1 and Q2, and where we also consider that the varia-
tion Az, of the surface water level is linear with time.

Let us choose the simple case of a uniform channel with symmet-
rical banks and two types of slopes, and study a portion of the cross-
sectional profile for one of the banks that will be dewatered in 1 hour,
going from Q1 to Q2 and for a vertical water level drop of 0.1 m. The
calculations will be done for one linear meter of channel (As). In our
case (Figure B1) the shoreline will have moved 1 m in 1 hour in the
horizontal plane.

If we denote A; the area of a cell i and smaxb; the maximum slope
of the bottom of cell i, with HRR; the local HRR of cell i; the two defin-
ing equations for temporal HRR (HRR¢mp,) and spatial HRR
(HRR4pe) are:

HRR iy = 201 AZsug YA
temp >~ [smaxbi-A) At At > [smaxb;-Aj]

HRRspo = 2_[HRR;-A] _ )3 [(ﬁ%) .Ai] _ AZguf X [ﬁ}
n A A XY

If we express the areas in [m2], the difference in altitude in [m] and

the time in hours, the results in [m.h '] are:
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Profile view
A
Azg=0.05 mi
¥
Azp=0.05 m!
M
Top view
0
A B I
HRRp= 1.6 m.h-1 HRRg=0.4 m.h-1 \:/
FIGURE B1 lllustration of a Horizontal Ramping Rate calculation along a bank with two different slopes. The bank (comprised of zones A and

B) is dewatered over a one-hour time interval (At), over a portion of a cross-sectional profile of one linear meter of channel (As) and havinga 1 m

width (L), and for a total vertical water level drop of 0.1 m (Az)

01

i N
{%.o.zu%.o.m} 1

HRRtemp =
021+0.81

For the temporal HRR¢em, we find the value of 1 m.h~* which corre-
sponds to the displacement of shoreline. If we observe the phenome-
non on a spatial scale, the HRRy,, per mesh are HRRA = 1.6 cmh?

and HRRB = 0.4 m.h~%; these are displacement velocities of the

shoreline per cell. For a given cell, the calculation takes into account

the maximum slope of the mesh and the hourly rate of descent of the

water surface (%) is assumed to be constant.

By calculating HRR; = A%t

i = At-smaxb;’

retreat when the water level reaches the cell and the shoreline

this gives the velocity of shoreline

“sweeps” the cell, which occurs for each cell over a period of time less
than the total duration of the dewatering in our case.

For our example, if a velocity of 1 cm.h~* was a limit above which
juvenile fish could be stranded, stranding could occur in cell A (1.6 m.
h™1) at the beginning of the dewatering, even though the temporal

HRR would meet a set point of 1 m.h~2.
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